Abstract High-latitude ionospheric plasma convection plays a fundamental role in determining many processes in the terrestrial ionosphere. Electric Field Instruments on the European Space Agency's three polar-orbiting Swarm satellites measure ionospheric ion drift velocities at about 500 km altitude using thermal ion imager energy/angle-of-arrival electrostatic analyzers. Recently, European Space Agency released horizontal cross-track components of these drifts, calibrated at high latitudes. This paper concerns the validation of the Swarm horizontal cross-track ion drift measurements. All available Swarm-A and Swarm-B 2 Hz data between November 2015 and July 2017 were used and the climatology of high-latitude ion convection was constructed and examined. Results were compared to corresponding climatology obtained from the Weimer 2005 empirical convection electric field model under different interplanetary magnetic field and solar wind conditions in the northern and southern hemispheres, separately. The ion drift data sometimes exhibit large offsets at middle latitudes. However, following a recalibration of the drifts using a refinement of the offset removal, the Swarm cross-track ion drift climatology agrees reasonably well statistically with the Weimer 2005 model, and properly responds to the changing geospace environment. The two results agree within about 200 m/s (root-mean-square deviation), however the correlations are higher for southward interplanetary magnetic field and in the northern hemisphere (r swarm-A = 0.84, r swarm-B = 0.77), for which the corresponding magnitudes of Swarm-A and Swarm-B drifts are~14% and~33% larger than the model estimates, respectively. The convection patterns seen in the revised Swarm horizontal cross-track drift velocities are more structured than those obtained using the model, but overall no significant systematic errors are present.
Introduction
The motion of ionospheric plasma plays one of the key roles in determining spatial and temporal distribution of many plasma parameters, including density and temperature. It is governed by various processes in the magnetosphere and thermosphere, and their coupling to the ionosphere. This, in turn, makes observation and study of ionospheric plasma dynamics vital for better understanding the coupled atmosphereionosphere-magnetosphere system. One of the principal forms of ionospheric F region plasma motion is an electrodynamic E × B drift, which at high latitudes is due to the electric fields of magnetospheric origin and is responsible for large-scale plasma convection (Kelley, 2009; Schunk & Nagy, 2009 ). The high-latitude plasma drift speeds have typical values ranging from several hundreds to over a thousand meters per second. The convection pattern and flow velocities are highly dependent on the magnitude and orientation of the interplanetary magnetic field (IMF), and also vary with solar wind dynamic pressure.
The measurement of convection electric fields and plasma drifts and retrieval of information about them are accomplished both by instruments on the ground (radars, magnetometers) and in space (satellites, rockets, balloons; e.g., Foster et al., 1986; Friis-Christensen et al., 1985; Heelis & Hanson, 1980; Heppner & Maynard, 1987; Maynard & Johnstone, 1974; Mozer & Serlin, 1969; Rich & Hairston, 1994; Ruohoniemi & Greenwald, 1996) , but they have limitations in providing continuous coverage in space and time. Furthermore, studies have shown that the drift velocities measured by different instruments, though overall consistent, may still display discrepancies due to different spatial and temporal resolutions, and underlying assumptions behind used techniques (e.g., see Drayton et al., 2005 , and references therein). For example, Drayton et al. (2005) and Ponomarenko et al. (2009) both reported that the drift velocities from the Super Dual Auroral Radar ©2019. The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
Network (SuperDARN) tend to be systematically smaller (by~20-30%) than those measured by the Defense Meteorological Satellite Program (DMSP) satellites. The importance of new measurement techniques and subsequent data is therefore indispensable. Equally important is to understand the validity and limitations of new data.
The three identical polar-orbiting Swarm satellites were launched on 22 November 2013 by the European Space Agency (ESA), which carry Electric Field Instruments (EFI; Knudsen et al., 2017) . The EFI consists of a pair of Thermal Ion Imagers (TII) and a pair of Langmuir probes. Horizontal and vertical TIIs on each Swarm satellite produce 2-D maps of the ion distribution function based on energy and arrival angle of incident ions, from which 3-D ion drift velocities can be derived at the altitude of the satellite. The orbiting altitude for Swarm-A and Swarm-C (longitudinal separation~1.4°) currently is about 450 km, and for Swarm-B is~510 km. Thermal ion imaging is a relatively new technique and previously has been used on suborbital rockets (Burchill et al., 2004; Knudsen et al., 2003) and the CASSIOPE/ePOP satellite (Knudsen et al., 2015) . One of the advantages of the TII method is its ability to produce measurements over a large dynamic range of plasma density (from less than 10 4 to more than 5·10 6 cm −3 ) at a relatively high rate, which for the case of Swarm is 16 frames per second (100 frames per second for ePOP).
After the first several weeks of Swarm operation, the appearance of the so-called "TII imaging anomaly" presented as a transient, secondary signal to the main ion drift signal. The anomaly appears to originate from the presence of H 2 O in the sensors and has hampered routine data reduction and validation activities. The anomaly has a tendency to worsen during extended uninterrupted operations and can introduce large errors in the ion velocity data. In response to these unexpected developments, the instrument operation has been limited to one to six orbits per day (out of~15). Because the 3-D ion drifts have significant errors associated with the along-track flow measurements, the University of Calgary has recently implemented a technique to estimate the ion drifts only perpendicular to the satellite velocity (the cross-track ion drifts; , which have a relatively weak dependence on along-track flows and are less susceptible to the effects of the image anomaly and other sources of error.
Presently, a preliminary Swarm horizontal cross-track ion drift velocity data set at 2 Hz resolution is accessible through ESA covering the interval November 2015 to July 2017. All data obtained are provided in the files, but only a subset (calibration step 2) is considered ready for geophysical studies, under consultation with the instrument scientists. More of these data are becoming available on a regular basis. However, the accuracy and reliability of this new data set have not been studied in detail. How the Swarm ion drifts respond to different geospace conditions and how sensitive these measurements are to IMF and solar wind conditions have not been investigated. Therefore, it is important to evaluate the validity of the Swarm ion drift measurements which, in turn, can complement and enhance currently sparse ionospheric in situ data.
The validation of new measurements can be accomplished by using data from independent instruments or models. The first study addressing an assessment of Swarm ion drift measurement was done by Fiori et al. (2016) , who compared Swarm-A measurements to a statistical model (CS10, Cousins & Shepherd, 2010) based on SuperDARN data for periods of quasi-stable solar wind and IMF conditions, including a total of 70 different polar passes between May and September 2014. The Swarm data used in that study were based on an initial, and thus, different processing algorithm. In that case, large discrepancies were found at high latitudes between the model and data, suggesting an existence of offsets in the data. It was shown, however, that a correction of the Swarm ion drift data by setting velocities to zero at the low-latitude boundary of the convection zone significantly improved the agreement between measured and model drifts; giving a correlation coefficient of about 0.6 for the cross-track flows. In addition, the corrected Swarm data appeared to properly identify the convection reversal boundary for periods of southward IMF, though with an equatorward shift of 0.9-1.6°in magnetic latitude relative to the model.
The newly processed Swarm TII cross-track ion drift data span a considerably longer time interval than that in previous studies. This enables more detailed evaluation of the accuracy and reliability of the new data in specifying spatial and temporal variations of F region ion drifts, including their dependence on solar and geophysical conditions, which are a crucial part of assessing the validity of the data. Independent measurements of high-latitude ion drifts that would enable us to validate Swarm EFI cross-track velocity data on an orbit-by-orbit basis are not available because the "measurements of the global instantaneous convection electric field are not yet possible" (Pettigrew et al., 2010) . Alternatively, there are numerous empirical models of the high-latitude convection electric field, with various levels of complexity, capability, and availability (Cousins & Shepherd, 2010; Foster et al., 1986; Hairston & Heelis, 1990; Heppner & Maynard, 1987; Holt et al., 1987; Papitashvili & Rich, 2002; Pettigrew et al., 2010; Ruohoniemi & Greenwald, 2005; Rich & Hairston, 1994; Sojka et al., 1986; Weimer, 1995 Weimer, , 2001 Weimer, , 2005a Weimer, , 2005b Zhang et al., 2007) . They are based on measurements from single or multiple, space-or ground-based instruments. In addition, analytical (Heelis et al., 1982; Rich & Maynard, 1989; Volland, 1978) and data-driven (Cousins et al., 2015; Richmond, 1992; Richmond & Kamide, 1988 ) models have also been developed.
The empirical models have in common an inherent limitation in that they provide only climatology, that is, average convection patterns (Bekerat et al., 2003) . However, usually they are based on a large amount of data, and few may also provide results for arbitrary IMF, solar wind, and dipole tilt angle conditions (Cousins & Shepherd, 2010; Weimer, 2005a) . Bekerat et al. (2003) evaluated the Weimer 2001 empirical convection model (an earlier version of the Weimer 2005 model) for its ability to capture instantaneous convection features using cross-track ion drift velocities from the DMSP satellite. The Weimer model was constructed using a modest amount of electric field data from the Dynamics Explorer 2 satellite (more details are provided in section 2.2). Their results indicated that the model was good in a statistical sense and it properly reproduced the gross structure in the convection pattern. However, the model did not adequately capture the observed mesoscale spatial structure and convection magnitudes. It should be noted that only two of the passes presented by Bekerat et al. (2003) passed through the centers of the convection cells, and most skimmed the low-latitude boundary of the convection pattern. Eriksson et al. (2002) compared Astrid-2 satellite measurements of the electric field with those from the Weimer 2001 model. The measured electric field magnitudes were found to be generally 25% larger than the predicted values with a correlation coefficient of 0.69; however, for certain conditions the correlation between the two was found to be as high as 0.88.
In this study, we assess the Swarm TII ion drifts by statistically analyzing the climatology of high-latitude horizontal cross-track ion drifts and comparing it to corresponding results from the Weimer 2005 model. Since the full ion flow vectors from Swarm are not currently available, the resulting average convection patterns may not be fully representative. Comparison with a model drifts projected onto the measured velocity component is needed to assess the climatology of the otherwise well-known high-latitude convection. The Weimer model thus allows us to assess the flow patterns both qualitatively and quantitatively. Ion drift velocities from the model are calculated along the satellites' orbits for the actual solar wind and IMF conditions of Swarm experiments, projected into the horizontal cross-track direction, and then binned in a manner similar to that of Swarm data. We analyze data from both the Swarm-A and Swarm-B satellites, separately, in the NH and SH. Swarm-C data are not included in our analysis because of its limited operations and consequently limited amount of data at the time of this study.
Our study reveals that the climatology of the Swarm high-latitude horizontal cross-track ion drifts is in reasonably good agreement with that from the Weimer 2005 model. The extent of the agreement depends on the satellite, the hemisphere, and the IMF/solar wind conditions. The data-model agreement is better in the NH and for the southward IMF conditions. The changes in Swarm ion drift magnitudes and directions at different latitudes and local times are consistent with those predicted by the model for a variety of conditions. These include different IMF clock angles and solar wind dynamic pressure, which introduce changes in the convection pattern in agreement with model predictions.
We will show that overall, no significant systematic errors are found to be present in the Swarm EFI horizontal cross-track velocities. Knudsen et al. (2017) , including information on the degraded TII performance due to suspected water contamination of the detector surfaces. Briefly, the ion drift velocity is derived from a centroid (i.e., first moment) of images of the energy-angle count-rate distributions from the TII. The ion drift measurements perpendicular to the satellite velocity vector (cross-track drift) are typically much more reliable than along-track drift measurements. This is mainly due to uncertainties in spacecraft floating potential and ion composition, to which the along-track component is more sensitive than is the cross-track one. Consequently, it has proven challenging to calibrate and validate the full 3-D ion drift vectors.
In an attempt to overcome difficulties associated with the ion drift velocity retrieval, a simplified processing model has been developed to provide a relatively straightforward interpretation of cross-track ion drifts . The method is based only on the angular deflection of the image centroid relative to the satellite velocity vector, for which the along-track velocity is assumed to be 0 m/s in a frame corotating with the Earth. In this approach the horizontal cross-track ion flow velocity is estimated using the expression v iy = v sat, H tan (ϕ H − ϕ sat, H + ϕ cal, H ), where v sat, H is the projection of the satellite's velocity in the plane of the horizontal detector and takes into account the satellite's attitude and plasma corotation, ϕ H is the measured angular displacement of the ion signal within the horizontal detector plane, ϕ sat, H is the angular signal due to corotation and the satellite's motion and rotation, and ϕ cal, H is a calibration parameter. Note, nonzero along-track ion drifts result in errors in the horizontal cross-track drift equal to Δv iy = v ia tan θ, where "a" refers to along-track components of ion drift and θ is an angle between the along-track direction and a horizontal plasma flow vector. Typical values of Δv iy are expected to be only several tens of meters per second, but occasionally may have values up to several hundreds of meters per second in cases of strong along-track drifts.
The technique of obtaining Swarm cross-track ion drifts involves calibration using several steps of offset subtraction . The first step determines detector center coordinates in order to estimate flow angles in the sensor frame and is applied to all data. The second step (level 1 calibration) removes a second order polynomial trend associated with variations occurring on timescales of several orbits after the TII has been turned on each day, presumed to be related to redistribution of moisture within the sensor upon exposure to ion flux. For those high-latitude traversals of calibration 1 data that are not too noisy (as assessed by an expert), an additional step (level 2 calibration) is used which sets drifts to 0 m/s at middle latitudes (30°-55°in magnetic quasi-dipole coordinates) and removes a linear trendline from the cross-track drift separately for each polar pass. Setting the drift velocity magnitudes to zero at middle latitudes may introduce errors of the order of the midlatitude drifts, which are known to have typical values ≤~60 m/s (e.g., Jensen & Fejer, 2007; Scherliess et al., 2001) , and which are much smaller than typical high-latitude drifts and their associated errors.
The entire cross-track ion drift data of daily CDF files used in this study are available from the official ESA Swarm website (http://earth.esa.int/swarm/). Currently, the dates for which the level 1 and 2 calibrations are performed range between 1 November 2015 and 31 July 2017 for both Swarm-A and Swarm-B, with occasional data gaps. As part of this study, a reassessment of data calibration was carried out, which resulted in additional usable data. The details of the recalibration are described in the next section.
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Recalibration of the Drifts
A review of Swarm TII drift data revealed that the calibration 2 data may occasionally contain large offsets or noisy data and calibration 1 data after further correction can have a quality comparable to that of calibration 2 data. Therefore, the calibration was redone as follows. All calibration 2 data have been reset to calibration 1 by reintroducing the offsets v sat tan (θ offset2, H ). Here v sat is the satellite's velocity (~7.6 km/s) and θ offset2, H is the second level calibration offset, which is available for each measurement in the Swarm cross-track flow CDF files. Afterward, all calibration 1 data were analyzed on an orbit-by-orbit basis to correct baselines. The baseline correction, or offset removal from the calibration 1 data, involves setting the flow velocities to zero at middle latitudes. Before and after each polar orbit, the median values of the cross-track velocity ( g Δv 1 and g Δv 2 ) were calculated for measurements around 45°MLAT (±60 consecutive data points [±~1.7°]), together with the corresponding scaled median absolute deviations ( e σ 1 and e σ 2 ), where e
g . The median absolute deviation is a robust measure of dispersion and is a useful quantity to assess the noise level in the data, and the scaling factor 1.4826 makes e σ consistent at the normal distribution (Huber & Ronchetti, 2009 ). If no measurement was available around 45°, the start and end of the polar orbit was moved poleward, up to 50°. The uncorrected calibration 1 data were found to contain large offsets, sometimes over 1,000 m/s, that were changing from orbit to orbit, though their median values were relatively small (e.g., for Swarm-A:
. These values are larger than the typical flow velocities expected at middle latitudes (note that the corotation component of the flow was already removed). Therefore, setting the flows to zero is expected to introduce much smaller errors in the high-latitude cross-track velocities than retaining their uncorrected values. The offset correction along the polar pass is performed using the formula v iy, new = v iy − Δv(l), where
The offset Δv(l) is taken to be a linear function of a distance l along the satellite's path from the beginning of a polar orbit, and l 2 is the total distance traveled by the satellite. A similar approach to remove offsets in the electrostatic potential obtained by DMSP was used by Rich and Hairston (1994) . The number of corrected polar passes for both hemispheres was 4,394 for Swarm-A and 2,892 for Swarm-B.
Next, data with relatively poor or questionable quality were excluded. This was done by ignoring those polar passes that initially had excessively large offset (on either or both sides of the pole) and large noise level (on one side of the pole). The offset/noise threshold was defined as 3e σ from the corresponding median. The number of excluded passes was 77 for Swarm-A, and 59 for Swarm-B. In addition, the passes with a large measurement noise (irrespective of the offsets) on the both sides of the polar pass (Swarm-A-128 cases, Swarm-B-42 cases) and flows exceeding 3 km/s (~0.19% of Swarm-A and~0.28% of Swarm-B data) were excluded from further analysis. Of the original cross-track data identified as either calibration step one or two according to the criteria in Burchill and Knudsen (2017) ,~95% of the Swarm-A polar passes (4,189) and 96% of the Swarm-B polar passes (2,789) were included in this study. Of these, 56% of the Swarm-A passes (2,362) and 55% of the Swarm-B passes (1,547) were in the NH. Note, the changes due to this new recalibration in those original calibration 2 data that cover a full polar pass between the middle latitudes is insignificant.
Finally, the selected data were utilized to perform a statistical validation of the Swarm horizontal cross-track ion drifts. Simultaneously they were compared with results obtained from an empirical high-latitude electric potential model. The model and analysis methods are described below.
Weimer Electric Potential Model 2005
The latest version of the Weimer empirical electric potential model (thereafter referred as "Weimer 2005") is a product of over a decade of a model development (Weimer, 1995 (Weimer, , 1996 (Weimer, , 2001 (Weimer, , 2005a (Weimer, , 2005b . The electric field measurements used to build the model were obtained from the Vector Electric Field Instrument of Dynamics Explorer 2 satellite, which operated from 1981 to 1983 in a polar orbit at 300-1,000 km altitudes. The measurements consist of 2,608 polar passes that had simultaneous measurements of the IMF available from the IMP-8 or ISEE-3 satellites. The electric potentials were
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obtained by integrating the measured electric field component in the direction of satellite's motion. The data for various IMF and solar wind conditions were then fit with spherical harmonics and corresponding coefficients were determined. To improve the model's ability to reproduce observed large electric fields and their sharp reversals, the latest version of the model uses "spherical cap harmonic analysis" functions on an expanding/contracting spherical cap.
The primary output of the model is an electric field potential in the polar ionosphere at a given altitude for any arbitrary IMF, solar wind, and dipole tilt angle (representing seasonal effects) conditions, as a function altitude adjusted corrected geomagnetic latitude and magnetic local time (MLT). In addition, the model includes a nonlinear response to the IMF magnitude, a dependence on the auroral electrojet AL index, as well as an improved representation of a low-latitude boundary of the electric field. The code is written in IDL and allows user also to obtain, among other parameters, eastward and northward components of the electric field.
The comparison of the Weimer 2005 electric potential and field calculations with corresponding measurements from the DMSP satellites showed good agreement and improved performance compared to the previous version of the model (Weimer, 2005a) . Two known limitations of the model are its inability to properly respond to large-magnitude and sudden changes in the solar wind dynamic pressure (i.e., temporal resolution) and a lack of accounting for penetration electric fields at subauroral latitudes during major geomagnetic storms (Weimer, 2005a) . Notwithstanding these caveats, the model is considered sufficiently robust in a statistical sense to interpret and assess the Swarm cross-track ion drift climatology.
The high-resolution (1-min) values for IMF components, solar wind velocity (v sw ), and a density (n sw ) used as inputs for the Weimer model were obtained from NASA's OMNIWeb Plus website (https://omniweb.gsfc. nasa.gov/), and AL indexes were obtained from the World Data Center for Geomagnetism, Kyoto (http:// wdc.kugi.kyoto-u.ac.jp/aeasy/). The IMF and solar wind parameters were prepared for use in the model by applying a 20-min time delay from the bow shock projection (i.e., for a given epoch of Swarm observation, the IMF/solar wind data are taken for an epoch beginning 20 min earlier at the bow shock), followed by calculation of 25-min moving average prior to the time of the forecast. In other words, the model input for the time stamp of Swarm observation is calculated by averaging the instantaneous IMF/solar wind data at bow shock location 20 min prior and 5 min after the Swarm epoch.
Method of Analysis
The large amount of Swarm TII data at high latitudes covering over 1.5 years enables us to construct and compare the climatology of high-latitude ion cross-track drift velocities with corresponding results from the Weimer 2005 electric potential model. By utilizing all available Swarm horizontal cross-track ion drift data, we first created median patterns of high-latitude ion convection as a function of magnetic latitude and local time under different geophysical conditions. The different conditions included various orientations of IMF (clock angles), solar wind dynamic pressure, and hemisphere.
Next, for each 2 Hz measurement of Swarm drift at high latitudes (MLAT≥45°), we ran the Weimer model with actual observed conditions (altitude, MLAT, MLT, IMF, v sw , n sw , AL) and obtained magnetic east and north components of the corresponding electric field. These were then used to calculate magnetic east and north components of the ion E × B drift, where magnetic field B parameters are taken from International Geomagnetic Reference Field (Finlay et al., 2010) . The model-estimated ion drift velocity was projected onto the Swarm cross-track direction to obtain the corresponding horizontal cross-track component of ion drift. The estimated cross-track ion drifts were analyzed similarly to the actual Swarm observations and the model-based, median, high-latitude horizontal cross-track ion drift patterns were constructed.
To demonstrate examples of Swarm measurements during individual polar passes, in Figure 1 we show four different cases of ion drift (in blue) together with the corresponding model results (in red). These measurements were taken in the NH and SH at different dates, MLTs, IMF clock angles, and solar wind parameters. These examples were chosen as representative cases when the Swarm and model agreement was considered good. They also clearly demonstrate the near-zero ion drifts in the Swarm data at middle latitudes, which is a result of our offset correction (equation (1)). The left panels correspond to southward IMF (B z < 0) and the right panels correspond to northward IMF (B z > 0).
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The major features that can be noticed in both data and model in Figure 1 are antisunward flows over the polar cap and sunward flows on both equatorward sides. The flow magnitudes are larger for the strong negative IMF B z . During the weak but positive B z the drift pattern in Swarm data appears more complex. We indeed observe very good data-model agreement in large-scale flow patterns and flow magnitudes with high correlation coefficients (0.67-0.86) and RMSDs between~240 and 350 m/s for all the presented cases. The RMSD is defined as ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
, where N is the total number of points and Δv j represents the difference between the Swarm and corresponding Weimer 2005 drift velocities. Yet, certain features, especially for B z > 0, are not seen in the model results. We also see that for certain cases the flow reversal boundaries do not match very well. Overall, the Swarm data are more variable and occasionally display large spikes in velocity. These spikes can be due to the variability of the ion drift at shorter spatial and temporal 
Earth and Space Science scales, which are typical for an instantaneous convection pattern, but can sometimes be outliers related to measurement noise. The velocities from the model are smoother and they are not expected to capture the so-called mesoscale features seen in the data. We note that in the top left panel of Figure 1 , the second half of the Swarm data was flagged as calibration 1 in the original Swarm cross-track data, but both the noise level and general quality of calibration 1 and 2 data can in fact be comparable, and the two quality levels display results that match with the model well. Throughout our results there were also cases where the data and model showed largely distinct velocities. The instantaneous features of the high-latitude convection pattern and corresponding ion drifts are clearly not expected to be captured by the statistical model all the time, and agreement in large-scale patterns is also not expected to be always good from orbit to orbit. Therefore, in the following we base our comparison on drift climatology.
Results of Data and Model Comparison
In this section the corrected median horizontal cross-track flow velocities from the Swarm satellites and corresponding calculations from Weimer 2005 are presented and analyzed for various geophysical conditions. Since the model computation is performed using a statistical model, the choice to compare median values obtained from many measurements is well motivated.
High-Latitude Ion Drift Climatology 3.1.1. B y Dependence of the Cross-Track Ion Drifts
It is well known that the high-latitude electric potential pattern has a strong dependence on the orientation of the IMF. This in turn affects the direction and magnitude of plasma drift. For example, when the B z component is negative (southward IMF) and the IMF B y component is nonzero, the plasma convection pattern becomes asymmetric, with either the dawn or dusk convection cell enhanced, respectively, for B y > 0 and B y < 0. In addition, the entry of the plasma flow shifts from the prenoon (B y > 0) to the postnoon (B y < 0) sector (Schunk & Nagy, 2009 ). The B y -dependent asymmetry of the convection pattern for the northward IMF case has also been reported (e.g., Potemra et al., 1984) . Consequently, it is important to separate the Swarm cross-track ion drift data according to the sign of B y . Note that when the NH and SH are compared, the asymmetry appears reversed for a given sign of B y.
The top two panels in Figure 2 show median horizontal cross-track flow velocities from Swarm-A and the corresponding Weimer 2005 results in the NH as a function of MLAT and MLT for all cases of B y < 0 based on the entire corrected data set. The latitudinal extent of each bin is 1°, and the local time extent is variable in such a way that the area of each bin is equal to the bin area at 90°MLAT. To increase the statistical significance of the results and minimize random noise, at least 61 different 2 Hz Swarm measurements (and corresponding values from the model) from at least three different polar orbits were required when calculating the median values for each bin. Positive values of cross-track drift are defined to the right when facing forward along the satellites path. This convention was flipped for southbound orbits to preserve geophysical trends which would otherwise be averaged out because the local time of the satellite orbit changes over the course of the year. Reversal of the orbit from northbound to southbound is determined based on the change in MLAT (note this reversal was not done in Figure 1 ). Considering that the orbits of the Swarm satellites are nearly polar, this choice of direction effectively means that positive values of velocity correspond to eastward flows, regardless of the hemisphere.
We see that the median plasma cross-track velocities from Swarm-A and Weimer 2005 are reasonably close both qualitatively and quantitatively (Figure 2 , top panels). The area without the data for "Weimer05" indicates that this region is outside the model boundaries or there were not at least 61 points from three different polar passes available. We notice that both Swarm and Weimer 2005 show bands of predominantly westward flows at around 70°on the eveningside sector between noon and midnight that turn eastward as we approach the pole. The morningside sector shows the opposite flows (eastward at 70°and westward at 80°) with a band of eastward flow displaying a tendency to get closer to the pole near noon. These large-scale patterns and their changing features with latitude and local time are seen in both the measurements and the model. There is, however, a tendency for flow magnitudes to be larger in the Swarm data.
To help interpret these results, the lower panels in Figure 2 show calculations for each Swarm observation, which were used to obtain the model horizontal cross-track flows.
The binning of the electric field data from the model is similar to that of the velocities. We notice that the pattern of the northward component of the model electric field closely resembles that of the cross-track flows. Indeed, in the NH the northward electric field corresponds to eastward E × B drift. If we take into account the high inclination of the Swarm orbit, it becomes clear that the Swarm horizontal cross-track flow velocities can be viewed as a proxy of northward electric field except in the vicinity of the poles. The eastward electric fields appear relatively weak according to the model. They should be responsible predominantly for the less intense flows along the direction of the satellite tracks. Their contribution to the flows in the cross-track direction, however, is expected to be relatively large when the angle between the magnetic north direction and the satellites' motion is not small. Note that to calculate the median results, many Swarm orbits with different MLT orbits, seasons, and solar wind/IMF conditions were considered (only the sign of B y was a selecting factor). Therefore, the use of an empirical model facilitates the interpretation of the cross-track flow patterns, which are for the various cases of high-latitude convection and its variants, and not simply for the classical two-cell convection pattern. 
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Earth and Space Science median values themselves and can be due to both variable geophysical conditions and measurement errors. The model results also display a certain amount of variation, reflecting for example the variability in the observing conditions for each bin. As the distribution of the measurements and distinct orbits shows, the data coverage is approximately uniform in MLT equatorward of 70°MLAT. The number of measurements per bin is significantly high near the pole, which is due to the orbit geometry of the Swarm satellites.
To evaluate the validity of the Swarm measurements in capturing the high-latitude drift climatology, the response to different IMF and solar wind conditions, and different hemispheres, needs to be examined. Similar to the earlier case, we calculated the median horizontal cross-track flows for IMF B y > 0 conditions in the NH and for both B y < 0 and B y > 0 conditions in the SH from Swarm-A and Weimer 2005. These cases together with the previously shown "NH, B y <0" case are presented in Figure 4 .
In the NH we see that the quantitative and qualitative agreement and differences between the data and model are similar for the negative and positive IMF B y cases. Overall, major features of the flow from the data and model agree closely. The latitudes and times of flow reversals, which partition oppositely directed flows in different high-latitude regions, are in good agreement. The major changes in the horizontal cross-track 
Earth and Space Science ion drifts from the negative to the positive B y case happen at and poleward of about 70°MLAT, where stronger eastward flow during the evening and weaker westward flow during the morning (for B y < 0) switches to weaker eastward and stronger westward flows (for B y > 0). This is in complete agreement with the Weimer 2005 model and undoubtedly is due to a response of Swarm cross-track ion drifts to asymmetric high-latitude convection patterns. These two examples clearly demonstrate the ability of Swarm data to properly capture the B y -dependence of the high-latitude ion drifts.
Similar to the NH, two other panels in Figure 4 show Swarm-A and Weimer 2005 estimates of median horizontal cross-track velocities in the SH for the two opposite signs of B y . Compared to the NH, both data and model show median values that are smaller in magnitude. In addition, shapes and extents of bands of eastward and westward flows are not as well defined as they are in the NH. This "blurring" is probably related to the relatively more complex geometry of the magnetic field and hence to the associated Swarm cross-track direction in the magnetic frame in the SH than in the NH, due to larger displacement of the geomagnetic and geographic poles. This, in turn, leads to a wider spread in the range of geographic latitudes for a given set of MLT-MLAT pairs. Nevertheless, the locations of eastward and westward flows and their reversals with time and latitude from the measurements and models are in good correspondence. Similar to the NH, the flow magnitudes measured by Swarm in the SH appear larger than their model estimates. Note, the flow pattern in the NH and SH appear reversed for any given B y sign as expected, once again indicating the overall statistical validity of the Swarm measurements. Occasionally we observe large flows at lower latitudes in the Swarm data that are outside the latitudinal range of the model coverage. These flows do not display a clear seasonal dependence, tend to be localized in MLT, and do not appear to correlate with planetary Kp or Dst indices. Further analysis of such large flows is necessary to determine the overall contribution of measurements artifacts, including the TII imaging anomaly (e.g., Knudsen et al., 2017) and is left for a future study.
Next we utilized the Swarm-B cross-track ion drift measurements and examined the high-latitude median ion drifts together with their corresponding model estimates. The results for different B y conditions in both hemispheres are shown in Figure 5 . The overall picture for Swarm-B is nearly identical to that of Swarm-A. For any given hemisphere and B y sign the morphology of the ion drifts are identical to those of Figure 4 , and quantitative and qualitative agreement between the data to model are good overall. The flow magnitudes for Swarm-B and corresponding model estimates, however, appear larger than for the Swarm-A case. The different altitudes of the two satellites probably play a role in these discrepancies, as should different local times of the orbits at any given time, and correspondingly different geophysical conditions. Note that the total number of available orbits from Swarm-B is about two thirds of Swarm-A but they still appear sufficient to have all local times well covered in the constructed median climatology as seen in Figure 5 . Also note that in the model calculations the satellites' altitude is taken into account.
B z Dependence of the Cross-Track Ion Drifts
It is well known that when the IMF is southward (B z < 0) the plasma convection pattern exhibits a two-cell shape, while for northward IMF (B z > 0) the pattern is relatively complex, having more of a multicell structure (Bekerat et al., 2003; Schunk & Nagy, 2009 ). Southward IMF is characterized by antisunward flow over the polar cap and return flow equatorward of it, while northward IMF may be associated with sunward polar cap flow (Kelley, 2009; Maezawa, 1976) . Furthermore, for negative B z a dayside magnetopause merging between the IMF and the Earth's magnetic field provides strong and efficient solar wind-magnetosphere coupling and usually results in enhanced high-latitude ion flows. In addition, the low-latitude boundary is known to expand to lower latitudes as the IMF turns southward (Kelley, 2009; Weimer, 2005a) . On the other hand, when the IMF has a northward component, the plasma flow is known to be more structured and smaller in magnitude (Kelley, 2009) . It is therefore interesting to verify whether Swarm horizontal crosstrack ion drift data are accurate enough to properly reproduce some of these features. Besides the picture of the cross-track drifts being clearer in the NH, since Swarm-A has more data and a higher fraction of good data over the NH, the remaining analysis was performed over the NH using Swarm-A measurements.
To study the dependence of the cross-track ion drift velocities on the sign of B z , we constructed median maps from the data and model for B z > 0 and B z < 0 cases, separately during B y < 0 and B y > 0 conditions, which are shown in Figures 6 and 7 , respectively. The number of available polar passes for each case was 719 to 818, which, as can be seen, appear sufficient to cover all MLTs nearly uniformly. The Swarm data apparently indicate that the flow magnitudes are weaker when B z > 0 irrespective of the B y sign. In addition, the 
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Earth and Space Science equatorward expansion of the outer boundary of both "westward" and "eastward" flows for B z < 0 can be noticed. Quantitatively, for example, when B z < 0 the ratio of number of bins below 70°MLAT to those above 70°MLAT for which the absolute value of velocity is >350 m/s is 1.6-1.7 times higher than that during B z > 0. The identical features are also clearly evident from the Weimer 2005 calculations, which, similar to the cases shown above, agree well with the data. The ratio of number of bins with |v i,y | > 350 m/s at MLAT<70°to those at MLAT>70°for southward IMF B z is 2.5-3.0 times higher compared to the northward IMF B z case, indicating stronger response of the model to the IMF conditions. Nonetheless, from these examples we can conclude that the median Swarm cross-track ion drift velocities are sufficiently accurate to correctly capture the response to changes in the polarity of the IMF B z component.
It is interesting to note that in the examples presented here neither the Swarm data nor the Weimer model showed clearly defined complex flow patterns for B z > 0 conditions. The Weimer model is known to produce a multicell high-latitude electric potential pattern for the certain condition during the northward IMF (Weimer, 1995 (Weimer, , 2005a (Weimer, , 2005b . The reason negative and positive B z cases of cross-track flows share similarities in our MLT-MLAT plots is likely due to the "average" nature of the maps, which are based on a multiple orbits throughout the entire data set, resulting in a flow pattern characteristic of the dominant two-cell electric potential pattern. On the other hand, the median values near the poles during northward IMF are closer to zero. This may be due to a relatively high level of variability in the flow direction during B z > 0 conditions. 
In order to quantify the data-to-model agreement and also to highlight the relationship between the two, we created bivariate histograms for four different IMF clock angles using data shown in Figures 6 and 7 . These are shown in Figure 8 where the x and y axes are for the median values of horizontal cross-track ion velocities from the model and Swarm-A, respectively. The points for which the difference between the data and model drift values were outside 3e σ of the median difference (2-4%) were ignored. The color indicates the occurrence frequency within each 70 by 70 m/s bin. The numbers on top of each panel indicate the number of datamodel pairs. The magenta lines are identity lines, and the lines of best fit are shown in dashed black. The fitting was performed using the orthogonal least squares (Fuller, 2006) , assuming a linear relationship between the Swarm-A and Weimer05 data. The values of corresponding slopes and intercepts with their margins of error at the 95% confidence level are also shown in Figure 8 . The cases for B z < 0 (left panels) have greater ranges of velocity variability than those for B z > 0 (right panels) resulting from the larger flow speeds during southward IMF. The median difference between the data and model (4-21 m/s) and offsets 
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A similar analysis for Swarm-B in the NH (not shown) reveals that the median data obtained from its measurements were again unbiased relative to the model with correlation coefficients 0.69-0.77, which were again higher for the B z < 0 than for the B z > 0 cases. The values for e σ and RMSD were between 180-220 and 190-240 m/s, respectively. The Swarm-B drift magnitudes were about 28-40% larger for B z < 0 and 43-68% larger for B z > 0. In contrast to Swarm-A, the results of Swarm-B are based on a total number of polar passes that are about two thirds of Swarm-A passes (467-554 polar passes for the individual (B y , B z ) cases).
Owing to the larger number of passes, the NH results are statistically more reliable than the SH results. The major hemispherical difference appears in the correlation coefficients and in the relative differences in the drift magnitudes. In the SH the correlation coefficients between the data and model ranged between 0.52-0.73 for Swarm-A and 0.52-0.68 for Swarm-B; the measured drift magnitudes were 1.47-2.29 and 1.59-2.25 times larger, respectively. Nevertheless, higher correlations and smaller differences in the drift magnitudes for the B z < 0 cases were again clearly evident.
Solar Wind Dependence of the Cross-Track Ion Drifts
The high-latitude electric field potential and resulting electric fields and plasma E × B drifts are known to change with the solar wind dynamic pressure (P dyn ¼ ρ sw v 2 sw , where ρ sw and v sw are solar wind proton mass density and velocity, respectively). High dynamic pressure compresses the dayside magnetosphere, and the enhanced magnetospheric electric field associated with the large solar wind velocity maps down to the high- 
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Earth and Space Science latitude ionosphere. In addition, the low latitude boundary of high-latitude convection expands when the solar wind pressure increases (e.g., Weimer, 2005a) . The effect of large P dyn is expected to be more pronounced during southward IMF.
To study the dependence of Swarm horizontal cross-track ion drifts on the solar wind dynamic pressure, we selected the IMF conditions with B y > 0 and B z < 0, and separated data according to low and high pressure values. The median value of the P dyn for all available NH Swarm passes with the above conditions was about 1.66 nPa, which is very close to the value 1.63 nPa calculated using the medians of the solar wind density (5.2 cm −3 ) and velocity (433 m/s). Correspondingly, P dyn < 1.66 nPa and P dyn > 1.66 nPa refer to low and high solar wind pressure conditions, respectively. The number of polar passes for the former was 379 and for the latter 408, and 38 passes contributed the data to both cases. Figure 9 compares these two cases along with the corresponding results from the Weimer 2005 model. To generate the figure, the same data selection criteria was used as for the rest of the figures outlined in section 3.1.1. The distribution of measurements start to show gaps at certain times and locations, however the data reveal clear trends. We notice that the Swarm horizontal cross-track ion flows indeed become stronger for most MLTs, and both low-latitude and reversal boundaries of the flows expand equatorward, though this effect is not as strong as in the case of the IMF reversal seen above. The flows from the model behave similarly, and the quantitative agreement between the measurement and model remains good. The analysis similar to that for the data from Figures 6 and 7
shows that in the case of Swarm drifts the ratio of number of bins with|v i,y | > 350 m/s at MLAT<70°to those at MLAT>70°is~1.2 times higher for P dyn > 1.66 nPa than for P dyn < 1.66 nPa (this number is~1.8 for the model). The example presented here once again clearly demonstrates that Swarm horizontal cross-track ion drifts properly reproduce dynamical changes in high-latitude convection in response to changing drivers in the geospace environment, including changes in solar wind dynamic pressure.
Discussions and Summary
Reliable measurements of high-latitude ion drifts are extremely important for understanding electrodynamical coupling of the magnetosphere-ionosphere-thermosphere system. Establishing the validity of these measurements from relatively new space-based instruments, thus, is essential for their future applications to study of the high-latitude ionosphere. In this paper we have carried out a detailed validation study of newly released Swarm horizontal cross-track ion drift velocities in the high-latitude ionosphere. Our investigation relies on climatological MLT-MLAT maps constructed using median values of the ion drifts measured by Swarm EFI TII instruments between November 2015 and July 2017. The validity of these data was verified by testing the ability of the Swarm measurements to capture several well-known features of high-latitude ion convection and by comparing results with the corresponding calculation using the Weimer 2005 empirical electric potential model. The convection patterns and qualitative and quantitative consistency between the measurement and model were checked for different IMF and solar wind conditions separately for Swarm-A and -B satellites independently in the NH and SH.
The Swarm measurements properly capture MLT-MLAT variations and patterns of the horizontal crosstrack component of ion drifts for a variety of geospace conditions. In particular, these include the dawn-dusk asymmetry of high-latitude ion drifts for opposite signs of the IMF B y , the "mirror images" of ion drifts in the NH and SH for any given B y sign (Figures 4 and 5) , enhanced ion flows and equatorward expansion of the low-latitude boundary of high-latitude convection for the southward IMF (Figures 6 and 7) , and the same (i.e., enhancement/expansion) behavior in response to increased solar wind dynamic pressure ( Figure 9 ). These features of high-latitude ion drifts obtained using Swarm measurements are consistent with those previously reported based on various space-and ground-based measurements and models (Cousins & Shepherd, 2010; Haaland et al., 2007; Heppner & Maynard, 1987; Ruohoniemi & Greenwald, 2005; Weimer, 2005a Weimer, , 2005b .
Our climatological analysis was done based only on the horizontal cross-track component of the ion drifts. Therefore, to a certain degree the level to which we can capture geophysical variations of the high-latitude ion drifts depends on the orbits of the Swarm satellites. As these orbits precess, the MLT coverage varies, and thus the data sampling is strongly satellite-dependent not only in terms of the measurement location and time, but also in defining the flow direction. For this reason, the use of a highly flexible model, such as Weimer 2005, to calculate corresponding cross-track velocities along the satellites' paths for the observed geophysical conditions is critical. The model provides an objective reference for data validation and facilitates the interpretation of the horizontal cross-track ion drift climatology. The assessment by Fiori et al. (2016) of preliminary Swarm-A ion drift data (year 2014, NH, 70 passes) with the CS10 statistical convection model has previously shown the importance of using a model in evaluating the validity of Swarm drift data.
The MLT-MLAT variation in the measured median high-latitude ion flow velocity pattern and drift magnitude from Swarm-A and Swarm-B agree reasonably well with the estimates from the Weimer 2005 model for all IMF/solar wind conditions that were considered in the study. This generally also includes the location and time variation of equatorward and reversal boundaries of the cross-track flow, although a quantitative assessment is beyond the scope of this study. Besides the fact that the median flows from Swarm are typically more structured and variable, which are expected from the actual measurements when they are compared with the results from a statistical model, another difference is in relatively larger flow amplitudes (by 1.14-2.29 for Swarm-A and 1.28-2.25 for Swarm-B, depending on the hemisphere and IMF conditions) in the Swarm data (Figures 4-8) . The data-to-model agreement and discrepancies are largely similar for both satellites and hemispheres. Larger flow magnitudes in the Swarm-A data were reported by Fiori et al. (2016) , and also by Sasha Koustov, personal communication (2018) who compared 2016 Swarm-A data with SuperDARN measurements. Sasha Koustov, personal communication (2018) found the SuperDARN radar velocities to be approximately half of those measured by Swarm on average, but particularly obvious for large Swarm velocity magnitudes. The difference, however, may be due in part to the fact that the radar drifts are averaged over a relatively large spatial volume and over periods of 1-2 min. Interestingly, Eriksson et al. (2002) , who compared electric field measurements from the Astrid-2 satellite to the Weimer 2001 model, found that the measured values were about 25% larger. The results reported in the present study are consistent with these findings.
Our analysis reveals that the currently available calibration 2 Swarm horizontal cross-track data occasionally contain large offsets at middle latitudes due to limiting the offset correction to those segments of polar passes containing low-noise data. Extrapolation of the linear offset determined at low latitudes in these cases can give large offsets at higher latitudes. In addition, calibration 1 data, after the offset correction, were often found to have a quality comparable to that of calibration 2. For this study the offset correction in the Swarm data was redone, which addressed both of these limitations. In our offset correction the flows were set to zero at both the ascending and descending ends of the polar orbits at middle latitudes and then the linear detrending was performed after removal of the flows due to corotation, satellite motion, and attitude. The correction was done for individual orbits because the variation in the offset contained large variations from orbit to orbit. The data recalibration significantly increased the fraction of valid data for our study. For example, for the original Swarm-A data set about 55% of the combined level 1 and 2 calibrated data had level 2 calibration flag, while for the recalibrated data about 95% of combined old level 1 and old level 2 data passed our selection criteria.
The assumption of zero flows at middle latitudes is expected to improve the accuracy of the data significantly since the very large offsets (several hundreds of meters per second) are not realistic, as typical magnitude of zonal ion drift during geomagnetically quiet times, which are either eastward or westward depending on local time, are small (≤~60 m/s; Jensen & Fejer, 2007; Oliver et al., 1993; Scherliess et al., 2001 ; up tõ 80 m/s during very high solar flux; Scherliess et al., 2001) . The error introduced due to this assumption in Swarm high-latitude ion drift velocities, which are several hundreds of meters per second, is reasonably small. It should be noted, however, that during geomagnetically active times, the drift magnitudes at middle latitudes may exceed 100-150 m/s (Blanc, 1983; Jensen & Fejer, 2007) . Therefore, the Swarm horizontal cross-track ion drifts have potentially larger errors during disturbed conditions. Significant improvement in the quality of Swarm data after zeroing the drift velocities at the low-latitude boundary of the convection zone was noted earlier by Fiori et al. (2016) . It is planned that a new release of the Swarm cross-track data will undergo recalibration and offset correction similar to the procedure described in this paper. The availability of independent estimates of ion drift from a model equatorward of low-latitude boundary of the high-latitude electric field, currently not captured by the Weimer model, will be important for assessing the validity of Swarm measurements at lower latitudes.
There are several other factors that may affect the accuracy of the Swarm horizontal cross-track flows. For example, errors due to the assumption of zero along-track flow can be a source of inaccuracy in the derived cross-track flow velocities. The approximate magnitude of this error in median cross-track flows, estimated using the corresponding along-track flows from the Weimer 2005 model, shows that its typical values are several tens of meters per second. It has been noticed that measurement noise is generally large when the plasma densities are low. This is expected during nighttime and for local winter conditions. Whether low plasma density or the presence of a significant fraction of light ions (i.e., H + ) may introduce systematic errors in the Swarm TII drift data is left to a separate study. As more Swarm cross-track ion drift data become available, it will be possible to address more of these questions, for example, by separating the data according to different seasons/tilt angles and solar flux conditions and performing a comparative analysis together with the model.
The structure and boundaries of cross-track flow patterns appear more clearly defined in the NH than in the SH for both the measurements and model (Figures 4 and 5) . The runs of the Weimer model for the SH are accomplished by reversing the signs of both B y and the dipole tilt angle. Therefore, the hemispheric discrepancies are likely attributed to a larger offset between the geomagnetic and geographic poles in the SH resulting in a wider range of geographic latitudes with different magnetic field geometries in the corresponding drift data that contribute to a given MLT-MLAT bin. The high-latitude ion drifts are best defined in the magnetic frame, while the corresponding cross-track direction is defined by the geographic coordinates of the satellite. The large difference between the coordinates in these two reference frames translates into a greater variability in the horizontal cross-tack ion flow velocity direction, and the median values of the cross-track flow in the southern hemispheric MLT-MLAT maps appear more structured with less clearly defined (or blurred) boundaries between the opposite flows.
Indeed, if E north and E east are magnetic north and east components of the electric field, then the magnetic northward and eastward components of ion drift velocity (v i = E × B/B 2 ) are v i, north = E east sin (I)/B and v i, east = − E north sin (I)/B, respectively; and the horizontal cross-track ion flow speed at any given location of the satellite is v i, y = v i, east cos (D − α) + v i, north sin (D − α). Here, B is the total intensity of geomagnetic field, I and D are the magnetic field inclination and declination angles, and α is an angle between the geographic north and the direction of the satellite. The large variation in D and I results in large variation in v i, y . Additional variation in v i, y could arise due to B, which is known to be more uniform in the NH (Laundal et al., 2016) . Also note that the relative weight of magnetic east and north components of the ion drift are different in the two hemispheres given that the D values are different. Any difference in these components will be reflected in the cross-track velocity.
In addition to horizontal cross-track flows being more structured, both the Swarm data and the Weimer model show smaller flow speeds in the SH than in the NH (Figures 4 and 5) . The larger polar cap ion drifts in the NH were reported by Förster et al. (2007) based on observations, and by Förster and Cnossen (2013) based on model simulations. Förster and Cnossen (2013) concluded that asymmetries in both magnetic field strength and orientation is a cause of the differences in plasma drift between the two hemispheres. The better agreement between the Swarm and Weimer 2005 model for southward IMF is consistent with previously reported results in similar studies. For instance, Bekerat et al. (2003) concluded that the Weimer 2001 model was more capable of producing a good fit to the DMSP cross-track ion drifts in the NH when the IMF angle was southward. Eriksson et al. (2002) in their analysis for the NH found higher correlation between the Astrid-2 satellite measurements of the electric field and the Weimer 2001 model estimates for southward IMF (r = 0.88) than for northward IMF (r = 0.60). In another work, Bekerat et al. (2005) used the AMIE (assimilative mapping of ionospheric electrodynamics, Richmond, 1992) deduced convection patterns in the northern polar region and compared the corresponding cross-track ion drifts to the DMSP data. They reported that AMIE did a better job during southward IMF. Fiori et al. (2016) , in their analysis of earlier version of Swarm cross-track drift data in the NH, also noted a slight improvement in correlations with the CS10 model estimates if the data were limited to periods with only IMF B z < 0 as compared to all IMF B z conditions. That in our study the Swarm data agree with the model better for southward IMF suggests they are in line with other measurements, which in turn, contributes to the increased confidence in the accuracy of individual measurements. Our results are also expected to further encourage a continuation of studies aimed at assessing the accuracy of Swarm EFI drift measurements on an individual orbit basis.
Information on the validity of Swarm EFI horizontal cross-track ion drift measurements is important for their future applications and studies of high latitude dynamics and magnetosphere-ionosphere coupling, especially in conjunction with other relevant Swarm data products. We have presented a detailed climatology of the recalibrated cross-track ion drifts from both the Swarm-A and Swarm-B satellites, individually in the NH and SH. The results were compared with corresponding estimates from the Weimer 2005 model and were examined for their ability to capture various changes in response to changing IMF and solar wind conditions. The median Swarm drifts showed proper response to various geophysical parameters and indicated high correlations with the model estimates. Their magnitudes were found to be larger, but overall the median measured drifts displayed no significant systematic errors relative to the model drifts. No attempt has been made to quantify errors of individual measurements, however comparison of a large set of coincident data of Swarm drifts with those from independent ground-and space-based instruments, and with dataassimilation models, is expected to elucidate these errors and further improve the EFI instrument calibration.
